For ␤-agonist-mediated bronchodilation, the receptor-G protein-effector network consists of the ␤2-adrenergic receptor (␤2AR), Gs, and adenylyl cyclase, expressed on airway smooth muscle (ASM). Using ASM-targeted transgenesis, we previously explored which of these three early signaling elements represents a limiting factor, or bottleneck, in transmission of the signal from agonist binding to ASM relaxation. Here we overexpressed G␣s in transgenic mice and found that agonist-promoted relaxation of airways was enhanced in direct proportion to the level of G␣s expression. Contraction of ASM from acetylcholine was not affected in G ␣s transgenic mice, nor was relaxation by bitter taste receptors. Furthermore, agonist-promoted (but not basal) cAMP production in ASM cells from G ␣s-transgenic mice was enhanced compared with ASM from nontransgenic littermates. Agonist-promoted inhibition of platelet-derived growth factorstimulated ASM proliferation was also enhanced in G ␣s mouse ASM. The enhanced maximal ␤-agonist response was of similar magnitude for relaxation, cAMP production, and growth inhibition. Taken together, it appears that a limiting factor in ␤-agonist responsiveness in ASM is the expression level of G ␣s. Gene therapy or pharmacological means of increasing G ␣s (or its coupling efficiency to ␤2AR) thus represent an interface for development of novel therapeutic agents for improvement of ␤-agonist therapy.
␤ 2 -ADRENERGIC RECEPTORS (␤ 2 AR) on airway smooth muscle (ASM) are the targets for ␤-agonist bronchodilators, utilized in the treatment of obstructive lung diseases such as asthma and chronic obstructive pulmonary disease (26) . The effectiveness of these agents is subject to modification by the disease state (5, 12, 17, 20) , prior agonist exposure causing desensitization (19) , and genetic variation (14, 15) . ␤ 2 AR carry out signal transduction by binding to and dissociating the heterotrimeric G protein G s , with the G ␣s subunit activating adenylyl cyclase, which catalyzes conversion of ATP to the second messenger cAMP, which evokes ASM relaxation via PKA-dependent and -independent mechanisms (2, 4) . However, it is unclear which of these three major components in these early events, ␤ 2 AR, G s , or adenylyl cyclase, represents the limiting factor in physiological signaling. Ascertaining which element represents the bottleneck for ␤-agonist-mediated bronchodilation might identify an interface for novel therapeutics. In cardiomyocytes, which primarily express ␤ 1 AR, it has been shown that the expression level of adenylyl cyclase represents such a bottleneck that limits signaling from receptor to cAMP production and cardiac contractility (9, 10) . Indeed, gene therapy trials are underway to increase cardiac adenylyl cyclase expression in patients with chronic heart failure, with the goal of enhancing inotropy (trial NCT00787059). We previously overexpressed or knocked down several of these elements and other ␤-agonist signal transduction components in mice to ascertain whether, in ASM, such a limiting element exists, potentially leading to therapeutic approaches to increase that component and enhance ␤-agonist effectiveness. These have included the ␤ 2 AR itself (22) , G protein-coupled receptor kinase (GRK) (28) , and PKA function (28) , G ␣i (21) , and adenylyl cyclase (29) . In the current work we have performed ASM-targeted transgenesis of G ␣s in mice to ascertain the biochemical and physiological effects of increasing this component.
METHODS
Generation of transgenic mice. These studies were approved by the University of Maryland School of Medicine Institutional Animal Care and Use Committee. FVB/N mice (Taconic, Hudson, NY) were used for transgenesis, as previously described (28) . The long form of human G ␣s (GNAS) was subcloned into the XhoI site of the smooth muscle ␣-actin promoter SMP8 (8) and confirmed by sequencing. We previously showed the effectiveness and specificity of this promoter for targeting genes to ASM (22) . Isolation and purification of a NotI-digested fragment provided material for injection to generate F0 founder mice. Genomic DNA derived from tail clips was utilized for screening by PCR using transgene-specific primers. Positive founders were mated to nontransgenic (NTG) littermates to maintain heterozygous colonies. Typically, F3-F6 mice were studied. From the cultured ASM cell lines (passages [3] [4] [5] [6] [7] [8] , quantitative RT-PCR was carried out using primers for G ␣s, thereby providing net (endogenous and transgene-based) mRNA quantitation. These same cells were utilized in immunoblots of whole cell lysates to determine G ␣s and GAPDH expression using primary antibodies obtained from Santa Cruz Biotechnology (Dallas, TX) and Millipore (Billerica, MA), respectively. Blots were processed using enhanced chemiluminescence (GE Healthcare, Cleveland, OH), and signal intensities were quantitated using a ChemiDoc imager (Bio-Rad, Hercules, CA).
Airway physiology. Ex vivo studies of tracheal rings were carried out in 14-to 16-wk-old mice, as described previously (7). After CO 2 narcosis, tracheae were rapidly removed and cut into 4-mm cross sections, which were placed between the two wires of a lateral isometric myograph. Rings were maintained in Krebs buffer at 37°C with 95% O 2 aeration for the duration of the study. Rings were studied in groups of four. After 15 min of incubation, the rings were passively stretched to 5 mN, and the force was monitored for an additional 30 min to ensure stabilization. For each ring, a dose-response study with acetylcholine (100 nM-1 mM) was performed to ascertain contractile properties. To determine the relaxation response to the ␤-agonist (Ϫ)isoproterenol, rings were contracted with acetylcholine using the ED 70 dose, and then increasing concentrations (1 nM-1 M) of (Ϫ)isoproterenol were added to the bath. Recordings were made on a continuous basis, and the response was typically stable by 2 min after addition of the agonist. ␤-Agonist response data are presented as raw force (in mN) or normalized to percentage of the acetylcholine force.
Establishment of ASM cell lines. Freshly excised tracheae were cut in a longitudinal manner, and 2-to 3-mm cross sections were placed lumen-side-down in polystyrene culture dishes. The medium for this initial proliferation was Dulbecco's modified Eagle's medium (DMEM) with 20% fetal calf serum and 100 g/ml gentamicin, 1% penicillin, 1% streptomycin, and 0.5 g/ml amphotericin B. After 7 days of incubation at 37°C in a 5% air-95% CO 2 atmosphere, the trachea and surrounding cells were adherent and the medium was changed to DMEM with 10% fetal calf serum and 50 g/ml gentamicin, 1% penicillin, 1% streptomycin, and 0.25 g/ml amphotericin B. Subsequently, the tracheae were removed, the plates were washed with PBS, and fresh medium with antibiotics was added, and the cells were grown to confluence. Subsequent culture conditions for later passages did not include amphotericin B. The cells had typical morphology and staining characteristics of ASM, as previously documented (22) . Cells from passages 3-8 were utilized in these studies.
cAMP and cell proliferation assays. ASM cells were transferred to 48-well plates (ϳ5 ϫ 10 4 cells/well) and, after attachment, maintained in Krebs-Ringer phosphate buffer in the absence of serum for the cAMP assay. They were pretreated with 100 M isobutylmethylxanthine for 30 min at 37°C. Then ascorbic acid (100 M) alone or ascorbic acid with 10 M (Ϫ)isoproterenol was added, and the plate was gently swirled and incubated at 37°C for 30 min. The reaction was stopped by addition of a hypotonic buffer, and the plate was frozen at Ϫ80°C. cAMP was measured using a fluorescent competitive immunoassay (Catch Point, Molecular Devices, Sunnyvale, CA) and read on a FlexStation III plate reader (Molecular Devices). Data are represented as picomoles of cAMP per milligram of whole cell lysate. For the proliferation assay, cells were seeded in 96-well plates in DMEM with 10% fetal calf serum for 24 h, serum-starved for 24 h, and then treated with medium alone, platelet-derived growth factor (PDGF, 25 ng/ml), or PDGF ϩ 10 M (Ϫ)isoproterenol for 24 h. Cells were trypsinized and counted in triplicate with an automated cell counter (Z1 Coulter, Beckman Coulter, Brea, CA) and presented as cells per milliliter.
Statistics. For the physiological studies with dose-response data, results were fit to sigmoidal curves with variable slopes using the program PRISM (Graph Pad, La Jolla, CA). The maximal responses for each experiment as derived from these curves (rather than the responses to only the maximal dose) were compared between lines or conditions. In addition, curves were compared by two-way ANOVA to ascertain differences across the range of agonists. Results from these studies and the biochemical studies were compared by two-way t-tests, with significance imparted when P Ͻ 0.05. Results are shown as means Ϯ SE.
RESULTS
Human G ␣s cDNA was cloned into the smooth muscle ␣-actin promoter SMP8 (Fig. 1A) . A digested fragment was utilized for injection to generate founder transgenic mice with use of methods previously described. Tail-derived genomic DNA was screened by a transgene-specific PCR (Fig. 1B) , and three founders that passed the transgene to progeny were identified. These are designated as TG1, TG6, and TG8. RT-PCR was performed on RNA isolated from cultured ASM cells. For the aforementioned mouse lines, G ␣s expression was 54,000 Ϯ 1,200, 43,000 Ϯ 3,000, and 290 Ϯ 21 fold, respectively, over endogenous G ␣s in NTG mice (Fig. 1B) . G ␣s protein expression from cultured ASM was ϳ28% greater in TG1 and ϳ10% greater in TG6 than NTG and not different from NTG in TG8 (Fig. 1B) .
Initial experiments were performed with TG1, the highestexpressing line. Airway rings were studied for their contractile and relaxation responses. A baseline passive stretch (tension) of 5 mN was applied to each ring, and data are shown as the change from that baseline. As seen in Fig. 2A , the contractile response to acetylcholine was not different between TG1 and NTG. For relaxation studies, rings were first contracted with acetylcholine, then increasing concentrations of isoproterenol were added to the bath (Fig. 2B) . The maximal relaxation response to this ␤-agonist was ϳ37% greater in TG1 than NTG (33 Ϯ 1.4% vs. 24 Ϯ 1.3%, P Ͻ 0.01, n ϭ 4). In contrast, the relaxation response to the bitter taste receptor agonist quinine was identical between the two mouse lines (Fig. 2C) . Similar studies were performed with the TG6 and TG8 lines. The intermediate-G ␣s -expressing line (TG6) showed a modest and statistically significant increase in the relaxation response to isoproterenol compared with NTG (Fig. 3A) , while the lowestexpressing line (TG8) showed no difference in isoproterenolmediated airway relaxation compared with NTG (Fig. 3B) .
The improvement in airway relaxation with increasing abundance of G ␣s indicates that the expression level of G ␣s limits the bronchodilating function of ␤ 2 AR. If this is so, one would expect to see enhanced agonist-stimulated cAMP in ASM cells from the G ␣s transgenic mice that show the enhanced relax- ation. The TG8 mouse line was lost, but we were able to establish cultured ASM cells from NTG, TG1, and TG6. Adhered cultured mouse ASM cells were treated with the phosphodiesterase inhibitor isobutylmethylxanthine and then exposed for 30 min to vehicle or 10 M isoproterenol. cAMP levels for the three lines are shown in Fig. 4 . None of the transgenic lines had higher basal cAMP levels than NTG. TG1 cells, derived from mice with the greatest enhancement of isoproterenol-mediated relaxation, showed ϳ60% greater isoproterenol-stimulated cAMP levels (P Ͻ 0.01) than NTG (P Ͼ 0.05). The apparent increase in isoproterenol-stimulated cAMP levels produced from TG6 cells was not statistically different from NTG levels (P ϭ 0.08; Fig. 4) .
␤-Agonists have been variably reported to decrease ASM cell proliferation (3). The extent of such a decrease is dependent on how the cells are stimulated, the degree of confluence, and the time course of observation. In our studies we stimulated proliferation with PDGF and ascertained the effect of this mitogen in the absence or presence of 10 M isoproterenol after 24 h. As shown in Fig. 5 , NTG ASM showed very little inhibition of PDGF-promoted proliferation by isoproterenol. However, TG1 ASM displayed a ϳ85% inhibition of proliferation by isoproterenol. The apparent small inhibition of PDGFstimulated proliferation by isoproterenol for the ASM from the intermediate-G ␣s -expressing TG6 line was not statistically significant.
DISCUSSION
In the current work we have explored the intracellular signaling and physiological consequences of increasing the expression of G ␣s in ASM using targeted transgenesis. Our goal over the last few years has been to understand the relationship between the immediate signaling elements in the ␤ 2 AR pathway and ␤-agonist-mediated function in the airway. These elements, the ␤ 2 AR, G ␣s , and adenylyl cyclase, represent the earliest components that functionally interact in the classic pathway leading to increased intracellular cAMP and, ultimately, ASM relaxation. When set to the activated state by agonist binding, ␤ 2 AR couple to the heterotrimeric G protein G s , releasing G ␣s , which activates adenylyl cyclase catalyzing the generation of cAMP. Additional elements are also important in these early events. As agonist activation persists, ␤ 2 AR are phosphorylated by GRKs at specific residues. GRK-phosphorylated ␤ 2 AR promotes binding of ␤-arrestins, which interdict between receptor and G s , thus partially quenching the cAMP response. In ASM, we have shown that this event is rapid and, indeed, integrated into the initial response that is observed with agonist binding (28) . ␤ 2 AR also couple to G ␣i , albeit in a less efficient manner than G ␣s (6) . This event appears to require PKA phosphorylation of the ␤ 2 AR, as well as ␤-arrestin recruitment. Such coupling acts to depress adenylyl cyclase activation (27) , since G ␣i inhibits the Fig. 2 . G␣s overexpression in ASM enhances relaxation of airways from TG1 mice. A: contraction response to acetylcholine (ACh) was unaltered in TG1 airways. B: extent of relaxation of acetylcholine-contracted rings to the ␤-agonist isoproterenol (Iso) was greater in TG1 airways overexpressing G␣s than in NTG littermates. C: relaxation response to the bitter taste receptor agonist quinine (Qui) was not altered in TG1 mice. Values are means Ϯ SE; n ϭ 4 mice in each group. *P Ͻ 0.01 vs. NTG. Fig. 3 . Relaxation responses to isoproterenol in TG6 and TG8 mice. A: extent of relaxation in TG6 mice, which had an intermediate level of G␣s ASM protein expression, compared with TG1 and TG8 mice, was greater than in NTG littermates. B: TG8 mouse airways, which had no detectable increase in ASM G␣s protein expression, showed no differences in the relaxation response to isoproterenol compared with NTG. Values are means Ϯ SE; n ϭ 4 mice in each group. *P Ͻ 0.05 vs. NTG. enzyme and also promotes additional signaling, such as to Erk1/2 (6) .
In previous studies we created transgenic mice that overexpressed the ␤ 2 AR on ASM cells to ϳ75-fold over endogenous levels of the protein (22) . Surprisingly, the gain in agonistpromoted cAMP generation in these ASM cells was modest (Ͻ3-fold) at best and was certainly not in direct proportion to the increase in receptor protein expression. Moreover, maximal ␤-agonist-promoted relaxation in tracheal rings was not enhanced, but the response curves were left-shifted. We next overexpressed by approximately threefold adenylyl cyclase (type V, the predominant isoform in ASM cells) in the ASM of transgenic mice (29) . Here we found that the increase in adenylyl cyclase caused a reciprocal increase in expression of G ␣i , potentially in compensation from a sustained basal cAMP. When treated with pertussis toxin to block the inhibiting effect of increased G ␣i , we found no enhancement of ␤-agonist-promoted relaxation in the adenylyl cyclaseoverexpressing mice (29) . We thus concluded that adenylyl cyclase was not the limiting factor, and, regardless, efforts to enhance the enzyme for therapeutic purposes would be restrained by the increase in G ␣i .
We thus began to focus on G ␣s as the potential limiting factor in ␤ 2 AR signaling in ASM. Three transgenic lines were generated, and, despite substantial increases in mRNA levels, protein expression was modestly increased in two lines and not significantly different from endogenous G ␣s in the other line. This discrepancy between mRNA levels and G ␣s protein expression has been previously reported in mice with cardiomyocyte overexpression of G ␣s and suggests posttranscriptional or posttranslational regulation (11) . These low levels of transgene protein expression that we obtained in the current study were fortuitous, in that we indeed observed enhanced ␤-agonistmediated ASM relaxation in the TG1 line, in which we observed a 28% increase in G ␣s expression. Remarkably, the enhanced relaxation in these mice was 37%, suggesting a close relationship between the level of G ␣s expression and ␤ 2 AR physiological function. Consistent with this finding, ␤-agonistpromoted cAMP was ϳ60% greater in cultured ASM cells from these G ␣s transgenic mice than in NTG ASM. In the intermediate-expressing TG6 mice, there was a smaller enhancement of ␤-agonist-mediated ASM relaxation. We also observed that the modest G ␣s overexpression resulted in an enhancement of ␤-agonist-mediated attenuation of cell proliferation induced by PDGF. This effect on proliferation was not observed in NTG littermates, although the phenomenon may be condition-dependent. Nevertheless, a decrease in ASM mass evoked by ␤-agonist would be considered a long-term positive therapeutic outcome (13, 16) .
The results that we obtained here in ASM cells appear to be different from those in other cell types where G ␣s expression has been increased. In the heart, such overexpression did not result in an increase in basal or agonist-promoted adenylyl cyclase activities (11) . In HEK 293 cells, expression of a ␤ 2 AR-G ␣s fusion protein, which maintains a 1:1 stoichiometry, showed properties of constitutive activation (24) . A similar finding was observed in Sf9 cells, with marked overexpression of ␤ 2 AR and G ␣s ␤ 1 ␥ 2 (1). However, in CHW-1102 cells, where ␤ 2 AR were moderately overexpressed with G ␣s , or in cells that were transfected to express the ␤ 2 AR-G ␣s fusion protein, only the latter cells showed an increase in basal adenylyl cyclase activities (25) . Regardless, we found no increase in basal cAMP levels or baseline relaxation to suggest constitutive activity of ␤ 2 AR in our transgenic mouse airways or ASM cells.
We conclude that the limiting element in the ␤ 2 AR signal transduction pathway leading to ASM relaxation is the amount of G ␣s . This is based on the very similar levels of increase in ␤-agonist-mediated airway relaxation, ASM cAMP accumulation, and inhibition of ASM proliferation in the G ␣s transgenic mice, as well as the gene dose response observed in the three transgenic mouse lines. As indicated earlier, in our previous investigations of transgenic mice overexpressing other components, we did not observe this tight relationship between expression and gain (or loss) of function. Therapeutics acting to increase ASM expression of G ␣s , such as modulators of transcription factors or G ␣s turnover or G ␣s gene therapy, could ultimately improve ␤-agonist efficacy as defined by bronchodilation and, potentially, decreased ASM mass. In a similar manner, increasing the efficiency of ␤ 2 AR coupling to existing G ␣s would also lead to a similar improvement. This could be accomplished with positive allosteric modulators (18) , ␤-agonists that bias signaling away from GRK phosphorylation/␤-arrestin binding (30) , or small molecules that attenuate the GRK/␤-arrestin effect (23) . Interestingly, we have generated ␤ 2 AR (GRK-negative) mice and found that the increase in ASM relaxation in these mice, which lack GRK-phosphorylatable ␤ 2 AR (28), is the same level of magnitude as increasing expression of G ␣s , confirming the notion that increasing G ␣s expression, or the efficiency of its coupling, can accomplish the same physiological end point. Taken together, the results from the current study reveal that G ␣s (or its interface with ␤ 2 AR) is a nodal point for targeting new therapeutics for the treatment of obstructive lung disease.
